Despite the essential roles of pol X family enzymes in DNA repair, information about the structural basis of their nuclear import is limited. Recent studies revealed the unexpected presence of a functional nuclear localization signal (NLS) in DNA polymerase β, indicating the importance of active nuclear targeting, even for enzymes likely to leak into and out of the nucleus. The current studies further explore the active nuclear transport of these enzymes by identifying and structurally characterizing the functional NLS sequences in the three remaining human pol X enzymes:
| INTRODUCTION
DNA polymerase X (pol X) family enzymes fulfill a broad range of functions and contribute to multiple DNA repair pathways. [1] [2] [3] [4] However, despite the critical importance of nuclear localization of these enzymes, detailed information about their nuclear transport pathways has been limited and the identity of critical residues involved in nuclear transport has generally not been experimentally determined.
Several web-based programs [5] [6] [7] [8] [9] provide useful predictions for potential nuclear localization signals (NLSs) that mediate uptake via the classical importin α/β system. 10, 11 However, these predictions can be inconsistent due to constraints on spacing between motifs, or adherence to specific sequence contexts. Although useful as starting points, identification of the NLS residues requires rigorous experimental verification. For example, bipartite NLS motifs have often been missed, presumably due to the atypical separation of the two component importin α (Impα)-binding motifs. [12] [13] [14] It is increasingly recognized that altered subcellular distribution can lead to cellular dysfunction and disease. [15] [16] [17] Ligase4 (LIG4) syndrome is an autosomal hereditary disorder leading to impairment of the non-homologous end joining (NHEJ) and V(D)J pathways. One of the common mutations identified in LIG4 syndrome patients, Lig4
(R580X), lacks the C-terminal segment containing both the XRCC4-binding motif and the NLS, preventing nuclear localization. 18 A mutation adjacent to the NLS sequence in ZNF687 has recently been identified as a cause of Paget's disease. 19 Amyotropic lateral sclerosis (ALS) is associated with mutations in the non-classical NLS region of the fused in sarcoma (FUS) protein. 20, 21 Variant forms of xeroderma pigmentosum have been determined to result from a mutation in the NLS sequence 22 or deletions of the C-terminal region containing the entire NLS 23 of the translesion repair enzyme DNA polymerase η. As more data become available associating altered localization with disease, it becomes increasingly critical to have a detailed understanding of the residues involved in nuclear localization to understand the role polymorphisms or posttranslational modifications play in altering localization.
We recently demonstrated that DNA polymerase β (pol β), generally considered to lack a classical NLS, does in fact contain one at its far N-terminus. This NLS exhibits highly selective binding affinity for the minor binding pocket of Impα. We also found that this NLS contributes to the localization of the enzyme and is required to maintain a significant nuclear/cytosolic concentration gradient. 24 In the case of pol β, the small size of the enzyme does not eliminate the requirement for active nuclear import because nuclear pol β so readily leaks out of the nucleus through the nuclear pore.
As a consequence of the issues outlined above, we have extended our studies to include the three other mammalian pol X enzymes:
DNA polymerase mu (pol μ), DNA polymerase lambda (pol λ), and terminal deoxynucleotidyl transferase (TdT), in order to better understand variations in nuclear import among this family of proteins.
Previous reports identifying potential NLS sequences in these proteins were used, [25] [26] [27] [28] [29] as well as identifications based on the software NLS Mapper. 5 NLS sequences and their interactions with ImpαΔIBB (Impα lacking the importin β-binding domain) were subsequently characterized by X-ray crystallography and fluorescence polarization binding assays. We further substantiated the functional importance of the identified NLS sequences by fluorescence imaging studies of pol X-GFP adducts using U2OS cells.
| RESULTS

| Initial identification of pol X NLS sequences
Initial identification of the pol X NLS sequences was based on available prediction software [5] [6] [7] [8] [9] 30 summarized in Tables 1 and S1 . Most of these algorithms were able to identify the high scoring monopartite TdT NLS, but had more difficulty with pol μ and pol λ. Results obtained using NLS Mapper, 5 which we found to be the most user friendly and versatile, and which are consistent with most of the sequences identified using other software, are summarized in Table 1 .
Several of the identified sequences extend into the BRCA1 C-terminal 67 Only one of the sequences identified by NLS Mapper, corresponding to the Nterminal residues of TdT, yielded a score above 5.0, the suggested default threshold for significance. Using these initial predictions, we designed a set of peptides based on the putative NLS sequences (see section 4) and used them in crystallization trials. In selecting these test peptides, we made an effort to ensure that the length was sufficiently inclusive to cover residues that might be part of the functional NLS but were not identified by the computational screen. In the case of pol λ, which had only very low scoring NLS sequences, NLS localization to the N-terminal region of the enzyme is also supported by reported biochemical and localization studies.
27-29
| Crystallographic characterization of ImpαΔIBB-NLS complexes
We solved crystal structures for ImpαΔΒΒ in complex with the NLS peptides of TdT (Figure 1 ), pol μ ( Figure 2 ) and pol λ (Figure 3 ). These The highest scoring representative sequences are shown; the NLS residues identified on the basis of binding interactions or crystallographic studies are in boldface font. Residues indicated in italics, correspond to folded regions of the protein and are unlikely to interact with Impα.
structures demonstrate that TdT and pol μ contain monopartite Impα-binding sequences, while the pol λ NLS complex utilizes a bipartite sequence, despite containing an overlapping monopartite consensus sequence that was preferred by NLS Mapper and by several other NLS prediction programs (Table S1 ). Alignments of the bound NLS sequences with the Impα binding pockets are summarized in Table S2 .
For the sequences corresponding to TdT and pol μ, the NLS peptides are observed to interact primarily with the major binding pocket of Impα; however, due to excess peptide, weak electron density is also observed in the minor site that was modeled with partial occupancy by shorter fragments of the NLS monopartite sequence. Simulated annealing fo-fc difference omit maps contoured at 2.5 sigma for the TdT, pol μ and pol λ peptides bound at the major and minor sites of Impα are shown in Figure S1 .
The TdT NLS peptide complex at the major binding pocket of bipartite complex, the structure shows only monopartite complexes that form at both the major (seven residues) and minor (five residues) Impα binding pockets (Figure 2A) . A total of 17 or 18 Hbonds-depending on the conformation of Arg5, were identified with Impα residues in the major binding pocket, while electron density for five residues is observed at the minor site pocket, forming 15 intermolecular H-bonds ( Figure 2B ,C).
We identified the pol λ NLS using a peptide that contains both the monopartite and lower-scoring bipartite sequences suggested by NLS Mapper (R 4 GILKAFPKRQKIHADASSKVLAKIPRRE). As indicated in Table 1 , the higher-scoring bipartite sequence would include residues determined to form part of the pol λ BRCT domain. 31 The observed crystal structure for the ImpαΔΒΒ-pol λ NLS complex common residues in the monopartite NLS, the pol λ NLS interacts with both the major and minor binding pockets simultaneously. However, based on the observed electron density, the occupancy of the minor pocket is estimated as only~70%, compared with approximately full occupancy of the major site.
| Affinity and selectivity of the pol X NLS-Impα interactions
We determined affinities of the identified pol X NLS sequences for Impα by fluorescence polarization measurements using fluorescein-NLS peptide adducts ( Figure 4 , Table 2 ). These binding experiments were performed using ImpαΔIBB, as well as two constructs in which either the major or minor binding site was blocked: major-site blocked analog, ImpαΔIBB(W184R,W231R); minor-site blocked analog, ImpαΔIBB(W357R,W399R). 13, 24 Several previous studies have utilized Impα variants containing mutated Asp192 or Glu396 14,32 to define subsite binding specificity, although other mutational strategies have also been followed. 33 However, we were concerned that single-site mutations might be insufficient to fully block these inter- Table 2 ), with a majorsite/minor-site affinity ratio of only 1.7, consistent with the possibility that either binding pocket may mediate nuclear transport. The electron density in the minor site was only sufficient to allow modeling of the Lys14 and Arg15 sidechains-a sequence typical of minor-site binding motifs. 35 Minor site interaction with a Lys-Lys-Arg sequence (corresponding to pol μ residues 13-15) has also been observed, but much less frequently. 35, 36 Since the major and minor binding pockets compete for the TdT NLS with similar binding affinities, it is not surprising that blocking either site selectively has only a modest effect on the observed binding affinity. Potential binding interactions to regions other than the major or minor Impα binding pockets are negligible (Table S5 ).
The dissociation constants measured for the pol μ NLS using a fluorescein-labeled pol μ peptide ( Figure 4B , Table 2 ) indicate that the affinity for both the major and minor binding pockets of Impα is relatively weak (Table 2 ). Extensive crystallographic characterizations as well as numerous binding studies support the conclusion that the interaction of Impα with the basic NLS recognition sequences is typically augmented by non-specific interactions of residues preceding the consensus binding motif 37 ; however, for pol μ the NLS is positioned so near the N-terminus that the contributions of such interactions are minimal. A comparison of the NLS Mapper predictions for pol μ NLS sequences of various species (Table S4) reveals that all of the very low scoring sequences are positioned very close to the N-terminus, while those located a few residues farther from the end correspond to much higher scores. Furthermore, all of the lowscoring sequences nearest the N-terminus begin with a Met-Leu-Pro sequence, which has a low cleavage probability by both the Escherichia coli and human methionine aminopeptidases, 38 while the higher-scoring sequences generally contain residues at position 2 that will allow cleavage by this enzyme. A comparison of the binding affinity of the NLS sequences with and without Met1 (Table 2) demonstrates that retaining Met1 reduces the dissociation constants by~3-fold. This result further supports the identified pol μ NLS and, more generally, illustrates the importance of the uncleaved Met1 for NLS sequences positioned very close to the protein Nterminus.
Analysis of the Impα binding affinities for fluorescein-labeled pol λ peptides is consistent with a cooperative bipartite interaction ( Figure 4C , Table 2 ). The cooperativity triggered by the NLS motifs binding to both major and minor pockets leads to an apparent overall dissociation constant of 0.548 μM compared with the 3.61 and 78.9 μM K d s for the major and minor pockets, respectively (Table 2 ).
| Subcellular distribution of pol X enzymes
We evaluated the subcellular distribution of the polymerases in U2OS cells transfected with Green Fluorescent Protein (GFP)-adducts containing either the wild-type polymerases or variants in which important binding residues in the NLS were mutated. The nuclear/cytosolic intensity ratios are summarized in Table 3 , and illustrative fluorescence data is shown in Figure 5 . As outlined in section 4, the mutations were selected in order to substitute the primary binding residues identified from the crystal structures with hydrophilic Ser residues not expected to interact significantly with Impα. In the case of TdT, both Lys13 and Lys14 are replaced by Ser residues in order to eliminate the two alternate binding modes in which either one could interact with the Lys-selective P2 (major) site and P1 0 (minor) site positions. The nuclear/cytosolic ratios for the TdT and pol μ GFP adducts are considerably lower than the ratio observed for pol λ; however, most of this difference arises as a consequence of dividing by the very low cytosolic value obtained in the pol λ study. Differences may also arise due to perturbations related to the presence of the adducted GFP and likely also depend on cell type, as well as the possibility that the somewhat smaller TdT and pol μ enzymes may leak through the nuclear pore. 39 In studies of pol λ distribution in mouse embryonic fibroblasts, a ratio of 8 obtains (unpublished observations).
Overall, these results confirm the identities of the crystallographically identified NLS sequences and support their importance in determining the subcellular distribution of these polymerases. Since TdT and pol μ have more specialized roles in DNA transactions, 1,3,4,40 the lower nuclear/cytosolic ratios may represent a true variation, and additional studies in other cell types and under other conditions will be required to more completely evaluate how these variations influence subcellular localization.
| DISCUSSION
The DNA repair functions of the pol X enzymes require nuclear localization. 16 Although initial identification of NLSs can be made using web-based software, reliable identification of these sequences requires additional characterization and quantitation. Of the three pol X NLS enzymes studied here, NLS Mapper as well as other prediction programs that we evaluated (Table S1 ) correctly identified the highaffinity monopartite NLS for TdT, while in most cases either missed or required very low thresholds to identify pol μ and pol λ NLS sequences. A pol μ bipartite NLS sequence identified by NLS Mapper does not bind Impα, and if bound, the overlap of the C-terminal residues of the identified sequence with the N-terminus of the pol μ BRCT domain would be structurally problematic, 41 but is in agreement with the initially proposed sequence. 25 The pol λ bipartite NLS complex identified crystallographically was either not identified by some software programs or, as indicated in Table 1 , corresponded to a very low scoring sequence, but was in the N-terminal region previously shown to contain an NLS. [27] [28] [29] Similarly, we recently determined that pol β, generally thought to lack a NLS, contains a functional NLS at its N-terminus, and that XRCC1 contains a bipartite NLS separated by an atypically long internal linker that is not readily identified by many NLS software analysis programs. 13, 24 These results illustrate that nuclear localization can be achieved through a variety of sequences and sequence contexts which prediction software may fail to recognize or evaluate as less probable ( Figure 6 ). Therefore, there is a need to identify and evaluate such sequences at a level that goes beyond initial, software-based identification. In addition, the increasing availability of detailed information relating polymorphisms or mutations to The present study completes the characterization of the pol X NLS sequences ( Figure 6 ). Previous reports of the subcellular localization of these enzymes have been variable. Several studies have been reported on the two splice variants of murine TdT. [42] [43] [44] [45] Although both forms contain the predicted N-terminal NLS signal, only the shorter form lacking a C-terminal 20-residue insertion (TdTS), was observed to localize in the nucleus. 43 It was subsequently determined that the longer variant, for which a human analog has not been reported, is considerably less stable at physiological temperatures, 44 and this reduced stability was suggested as a possible explanation for its lack of nuclear accumulation. 45 An analogous relationship between stability and nuclear accumulation has been suggested for XRCC1, although in this case, stabilization is suggested to result from XRCC1 phosphorylation. 46 Surprisingly, Repasky et al 42 have reported that nuclear localization of murine TdTS in murine 3TGR cells is observed even for mutants lacking the NLS, BRCT and C-terminal segments. This result is inconsistent with the localization data obtained here for human TdT in U2OS osteosarcoma cells. Unfortunately, no quantitative localization data was included, limiting further evaluation of the basis for these differences.
The nuclear localization of pol μ obtained in the present study is consistent with a previous report. 40 The pol μ monopartite NLS sequence is highly basic and able to interact with the major and minor binding pockets of Impα; however, the binding affinity for both is in the micromolar range. We attribute this weakness primarily to the proximity of the pol μ NLS to the protein N-terminus, as also suggested by NLS Mapper analysis of pol μ from other species (Table S4) . Consistent with this conclusion, we found that those examples in which the NLS sequence begins very close to the protein N-terminus invariably contained a Leu-Pro at positions 2-3, making the protein a poor substrate for methionine aminopeptidase. 38 Inclusion of the N-terminal Met1 residue in the NLS sequence results in increased binding affinity that can be attributed to an interaction of the Met1 backbone at the P-1 position of the major motif. The NLS binding affinity required to support nuclear import has been subject to controversy, 47 and studies of shorter NLS peptides that lack large extensions potentially capable of additional, non-specific binding have generally yielded K d values in the range of 0.1 of 10 μM. [48] [49] [50] [51] As discussed recently, cooperative Impα binding of the major-and minor-site NLS motifs-and potentially other motifs contained in the cargo protein, 10 provides a strategy that is well suited to produce both high affinity binding and intra-nuclear dissociation involving minor site-directed dissociation factors. 13 Of the four mammalian enzymes, only the pol λ NLS utilizes a bipartite structure and in the cell types investigated, shows the greatest extent of nuclear localization; these results are consistent with earlier reports indicating that the NLS is located in the N-terminal region of the enzyme. [27] [28] [29] In the pol λ-Impα complex, the AKIPR motif found in the major binding pocket lacks a basic residue at position P3 that is commonly encountered at this position 35, 52 (Table S2) .
Nevertheless, hydrophobic residues at this position have been found in a number of instances including the TPX2 NLS, 14 the androgen receptor NLS, 48 the phospholipid scramblase 1 NLS 53 and histone acetyltransferase MOF. 54 The latter two examples also contain an Ile residue at position P3. As illustrated by the comparison in Figure 7 , the Ile side-chain also supports favorable interactions with the Trp residues in the binding pockets. For pol λ, the bipartite sequence with an Ile at the P3 position of the major-site motif is apparently favored over a monopartite consensus sequence (K 12 RQK) also contained in the test peptide (Table 1) . Bipartite sequences that contain internal, disordered linking segments, offer the inherent advantages of affording a higher affinity binding interaction due to the cooperative binding of the minor and major pocket-directed motifs, while providing a more efficient unloading strategy involving minor site-targeted unloading factors such as Nup50. 13, 55 Although frequently discussed as a displacement mechanism, competition for the minor binding pocket of (Table 1) , while providing a partially dissociated complex that facilitates substitution of the minor site pocket with minor pocket-directed cargo unloading factors.
The DNA repair system is designed with a substantial level of redundancy, allowing repair to proceed when optimal repair proteins may be less available. There is significant overlap of repair pathways utilizing pol β and pol λ, 56 so that differences in nuclear concentrations may influence polymerase selection. These enzymes have different error profiles, for example, the tendency to incorporate ribonucleotides. 57 As shown here, in U2OS cells the ratio of nuclear/cytosolic pol λ was determined as~33:1. This compares with ratios of~3:1 for pol β
24
-similar to results for these two polymerases recently reported by Stephenson et al. 28 Although the involvement of these enzymes in the repair process is also dependent on expression levels as well as recruitment of other interacting repair factors such as XRCC1 58 and
Ku, 59 differences in nuclear localization may influence the net contribution that each of these repair enzymes makes. Further, the low nuclear/cytosolic gradient of pol β makes its nuclear concentration more subject to fluctuations of the cytosolic pol β pool such as CHIPmediated degradation. 60 Finally, the identities of these NLSs provide a basis for understanding the potential relationship of NLS polymorphisms to pathological conditions.
| MATERIALS AND METHODS
| Materials
Peptides used for crystallization studies that included the NLS Mapper-identified sequences for TdT: Ac-S TdT and pol μ contain a monopartite NLS that targets primarily the major binding pocket of Impα, the pol β NLS targets the Impα minor pocket, and pol λ uses a bipartite NLS. Positions of the nuclear localization signals were determined here and previously 24 FIGURE 5 Fluorescence images of U2OS cells containing pol X-GFP fusion adducts. A, Illustrative images of cells containing the TdT, pol μ and pol λ GFP adducts. The images correspond to the adducts formed with the wild-type enzymes, as well as to the variants containing residue substitutions in the identified NLS sequences. The three columns correspond to: cells stained with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) (column 1); the GFP signal arising from the pol X-GFP adducts indicated on the left-hand side of the panel (column 2); the merged fluorescence images (column 3). B, Nuclear/cytosolic intensity ratios of the fluorescence signals, corresponding to the data contained in Table 3 . As is apparent from the figure, not all of the cells express the pol X-GFP adducts fluorescence polarization assays were also obtained from Genscript at a purity level of >90%.
| Impα major and minor binding pocket variants
Studies of Impα-containing mutations in major or minor binding pockets were used to identify the binding pocket selectivity of NLS sequences. In order to block Impα major or minor binding pocket NLS interactions, we utilized W184R/W231R major-site or W357R/ W399R minor-site variants. Although Trp residues are often used by proteins to stabilize the hydrophobic core, the Impα binding pockets utilize solvent-exposed Trp residues that intercalate with the sidechains of the NLS peptides and form H-bonds with the NLS backbone.
In order to eliminate these Trp-dependent interactions, we prepared His-tagged murine Importin α1 with the Importin β-binding domain (IBB) deleted (ImpαΔIBB), its major pocket variant: ImpαΔIBB (W184R/W231R), and its minor pocket variant: ImpαΔIBB(W357R/ W399R) as described previously, 13, 24 and have now characterized the variant constructs crystallographically ( Figure S2 and Table S3 ). Table S5 shows that the often-used D192K and E396R ImpαΔIBB mutants give similar binding results and that the double mutant exhibits poor affinity for the fluorescein-labeled peptides, indicating that non-specific binding to the Impα is minimal.
| Crystallization
ImpαΔIBB ( 
| Data collection and processing
For data collection, crystals of TdT, pol μ and pol λ were transferred into a cryo solution consisting of the mother liquor plus 23%, 23% and 20% glycerol, respectively. Data were collected at 100 K at the Southeast Regional Collaborative Access Team (SER-CAT) 22-ID beamline at the Advanced Photo Source, Argonne National Laboratory. Data were processed using HKL2000. 61 PHASER 62 was used to solve the molecular replacement with the coordinates of importin from PDB idcode 5E6Q as a starting model. 13 The same Rfree test set as found in 5E6Q was utilized for the Rfree calculations and extended to higher resolution for each dataset. Model building and refinement were carried out using Phenix 63 and Coot. 64 The final structures displayed good geometry with 100% of the residues in the allowed region of the Ramachandran plot as assessed by Molprobity. 63 The structure statistics are shown in Table 4 .
| Peptide-binding measurements
Apparent peptide dissociation constants were determined based on fluorescence polarization measurements using the fluorescein-labeled peptides as previously described, 13 and 95% confidence intervals were calculated. 65 We found that inclusion of 1 mg/mL bovine serum a Rsym = P (|I i − <I>|)/ P (I i ) where I i is the intensity of the ith observation and <I> is the mean intensity of the reflection.
b Rcryst = P ||Fo| − |Fc||/ P |Fo| calculated from working dataset.
c Rfree was calculated from 5% of data randomly chosen not to be included in refinement.
d Ramachandran results were determined by MolProbity.
Fluorescent images were acquired with a 20× C-Apochromat (NA 0.75) air immersion objective coupled to a Nikon A1rsi laser scanning confocal microscope (Nikon Instruments). Multichannel images were collected using 405, 488 and 647 nm laser lines to acquire three fluorescent channels in addition to transmitted differential interference contrast. Two-dimensional images were acquired and DAPI staining was used to select the best focal plane for nuclear imaging.
Images were acquired at 1024 × 1024 resolution with a pinhole of 67.69 μm, a zoom of 1.0. NIS-Elements 4.51 software was used for all image acquisition and analysis.
Nuclear to cytoplasmic (N/C) ratios were determined by designating regions of interest for the nucleus and the cytoplasm using the images taken from the DAPI and HCS CellMask channels, respectively.
The intensity of the GFP staining for each of these regions was then 
